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ABSTRACT
Six years ago, CNES started R&D studies related to telemetry in X band, with the goal of providing to micro
satellite platform manufacturers a low cost but high performances X band transmitter. The promising results
achieved have led to the decision to develop a transmitter for ESA PROBA-V spacecraft to be launched in 2013. The
first flight models have been designed in only 18 months and will be delivered to ESA in February 2012.
In the same way, CNES is now studying a solution to download telemetry in X band for cube and nano satellites.
The aim is to provide a high data rate subsystem for missions with high telemetry needs such as Space Spectrum
Survey, Automatic Identification System by satellite, Earth Observation, etc….
In the first part, the paper presents the miniaturized transmitter in development, specially designed to cope with the
restricted space and energy of very small platforms. The footprint and volume are specially designed to fit with
CubeSat dimensions. The consumption is also optimized with 10W for 32 to 34 dBm RF output power. Critical or
innovating functions such as flexible bit rate section, data interface, high efficiency power amplifier are described.
The second part of the paper is dedicated to the antenna. The design is based on a simple patch antenna realized on
standard substrate. The performances of a prototype has been measured in CNES antenna facilities and compared
with simulations.
Finally, link budgets are presented with 3.4 or 5 m diameter antenna ground stations and data rates up to 50 Mbps, to
demonstrate the capacity of this solution to download several gigabytes per day.

INTRODUCTION

volume of data with a high telemetry bit rate
subsystem.

CubeSats are generally fitted with UHF or S band
payload telemetry subsystem which allows
downloading few hundred of Mbits per day in the
best case. The data volume is limited because the
telemetry bit rates are restricted to hundred of kbps in
UHF and to few Mbps in S band to comply with the
Consultative Committee for Space Data Systems
(CCSDS)
spectral
recommended
occupation
bandwidth.

Regarding the constraints and specificities of very
small platforms, it appears possible, under certain
conditions, to use X band to increase significantly the
downlink capacity of the payload telemetry
subsystem. With a dedicated operating transmission
mode, a miniaturized COTS transmitter and a
standard patch antenna, up to 17 GB per day can be
downloaded in X band on a 3.4 m station.

Today, earth observation or spectrum survey
payloads can be embarked on very small platforms
but they require the capability to download a large

The paper presents the key elements which have been
taken into account to evaluate the feasibility of X
band telemetry subsystem for CubeSat, and describes
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the related design of the micro transmitter and the
antenna.
X BAND SUBSYSTEM KEY ELEMENTS
CubeSat missions present particular specificities and
constraints which require to be considered carefully
for a proper dimensioning of X band telemetry
subsystem.
Ground segment
CubeSat are generally operated with a light ground
segment to reduce as much as possible stations and
operations costs. This is the reason why Home
Amateur Radio (HAM) stations are frequently used,
even if the performances are somehow limited.
At a different scale, X band payload telemetry
subsystem on a very small platform shall be able to
perform very well with a small station, even if
sometimes big station can be used as well. For this
reason, the subsystem is defined to operate with 3.4
m (G/T: 25 dB/K) and 5 m (G/T: 30 dB/K) stations.
On board antenna
X band telemetry links are usually operated with on
board isoflux omnidirectionnal or steerable antennae.
Isoflux antenna diagram is obtained either from a
beam formed antenna and a good decoupling from the
structure (with a pedestal or mast) or with a shaped
reflector. Both solutions are very difficult to
implement on a CubeSat structure and consequently,
a simple omnidirectionnal antenna diagram has to be
considered.
Among several types of onmidirectionnal antennae, a
patch antenna appears to be a good candidate for X
band because of its small dimensions and technical
simplicity. But one of its major drawbacks is its
sensibility to the structure and the difficulty to get
enough gain at +/- 60° when the link budgets are the
weakest.

with less than 10W DC/DC consumption for 33 dBm
RF output power. Moreover, with few dB of flexible
RF output power, this value can be reduced if the link
budget presents enough margins.
If we consider a 95 min orbit and a mean time of 8
min/pass/orbit, the average transmitter consumption
represents 16% to 42% of average available power.
Modulation and coding
The choices of modulation and coding have a major
impact on the performances of the subsystem
regarding the bit rate, consumption, implementation
complexity, but also the interoperability possibilities
with the ground segment.
Generally, standards with efficient bandwidth are
used in X band because they allow the transmission
of a maximum bit rate for a given bandwidth, but
unfortunately they are rarely efficient in power.
If we consider 8 PSK modulation with TCM RS 5/6
coding, a Bit Error Rate of 10-9 requires an 8 dB
Eb/N0, whereas this value is obtained with 4.3dB for
a simple OQPSK modulation associated to 7 ½
convolutional and 255/223 Reed Solomon coding.
The 3.7 dB difference has a great impact on the link
budget because it means that:
•

same transmitted bit rate can be operated with
RF output power divided by more than 2

•

bit rate can be multiplied by more than 2 with the
same RF output power.

Outside its RF performances, OQPSK with 7 ½ + RS
is also very interesting because:
•

Convolutional and Reed Solomon coding
operations can be split and performed in different
locations. The first one can easily be
implemented into the transmitter and realized in
real time. The second one can be performed with
the framing at the mass memory level in real
time or by post processing. Such repartition also
facilitates the interface between the mass
memory and the transmitter because the dataflow
to modulate is continuous.

•

Most of X band ground stations are able to
demodulate it.

DC/DC consumption and RF output power
The energy is highly restricted on a CubeSat. If we
consider a 3U platform as the minimum structure to
embark an X band subsystem, depending on the solar
generator and pointing configurations, the average
power per orbit is in the order of 2W to 5W.
An X band transmitter integrates a high speed digital
section and a RF power amplifier which are great
power consumers. But with a good optimization of
these 2 sections, it is possible to develop a transmitter
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Operating mode
Link budgets are always made for a station at the
lowest elevation. With Continuous Bit Rate (CBR)
transmission mode and even with the use of isoflux
antenna, which partially compensates the difference
of free space losses, this induces important and
unexploited margins at high elevation.
If this approach is used with a simple
omnidirectionnal antenna on a CubeSat, this leads to
a very poor data bit rate transmission in X band.
New communication standards for X band telemetry,
like DVB-S2 or SCCC, will use Variable Coded
Modulation (VCM) or Adaptative Coding
Modulation (ACM) modes to optimize downlink
capacity. These transmission techniques are very
efficient but they require very fast digital circuits and
complex mass memory interfaces that are not adapted
to CubeSat equipment.

Performances with CBR

A more simple but efficient solution to maximize the
downlink capability is the Variable Bit Rate (VBR).
The principle consists in commuting the data rate
during a pass. The commutations can be operated in
time sharing or in regards with the expected link
budget.

Table 1: Performances with Aussaguel station in
CBR mode

A preliminary comparison (in time sharing) between
CBR and VBR modes has been performed with
Aussaguel station.
If we consider 5 and 10° elevation passes with
Aussaguel station the average visibility times are
respectively 409 and 494 s (figure1).

Figure 2: Pass statistics with Aussaguel station at
10° elevation

With a CBR mode, depending of the coding and
station options, a volume of 1.1 Gb to 7.2 Gb can be
download per pass (table 1).

2

2

2

2

Station size (m)

Satellite EIRP (dBW)

3,4

5

3,4

5

G/T (dB/K)

25

30

25

30

Station elevation (°)

10

5

10

5

Modulation

OQPSK

OQPSK

Coding

CV 1/2 + RS

CV 7 1/2

Eb/No for BER<10^-9 (dB)

2,8

2,8

6,7

6,7

Total losses (dB)

5

5

5

5

Margin (dB)

3

3

3

3

Bit rate (Mbps)

6,9

14,5

2,8

5,9

Data volume/pass (Gb)

2,8

7,2

1,1

2,9

Performances with VBR
In the same conditions, with a VBR mode operated
with 3 bit rate commutations (33.3 % time each) or 2
bit rates commutations (50 % time each) it is possible
to download from 4.5 to 13.3 Gb/pass (table 2).

Figure 1: Pass statistics with Aussaguel station at
5° elevation

One can observe that the data volume with VBR is
increased by more than 50% with only 2 bit rates
commutations and is more than doubled with 3
commutations bit rates. It is also remarkable to notice
than the weaker the station is, the more efficient VBR
mode is.
In total, with 3 passes per day, a volume of 17.4 Gb
can be downloaded with a 3.4 station and 39.9 Gb
with a 5 m station.
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Table 2: Performances with Aussaguel station in
VBR mode
Station size (m)

3,4

3,4

5

5

Bit rate 1 (Mbps)

6,9

6,9

14,5

14,5

Bit rate 2 (Mbps)

10,9

15

21

31

Bit rate 3 (Mbps)

25

Elevation commutation1 (°)

10

10

5

5

Elevation commutation2 (°)

15

18

10

14

45

Elevation commutation3 (°)

24

Means bit rate (Mbps)

14,3

11

26,8

18

Volume/pass in CBR (Gb)

2,8

2.8

7,2

7.2

Volume/pass in VBR (Gb)

5,8

4,5

13,3

11,2

Delta VBR/CBR

+107%

+59%

+85%

+57%

22,75

In fact data volume will be slightly reduced because
the demodulator will unlock at each commutation, but
at such bit rate, the locking time of a demodulator is
only few seconds. Moreover, a time offset between
board and ground shall also be considered, which
should not exceed one second. With 3 bit rates and 4
commutations by pass the total time should stay
around 20s, which corresponds to 5% of the data
volume.

Quality approach
Standard space quality approach is not adapted to
CubeSat equipments to get with COTS low
development and recurrent costs.
On CNES Myriade microsatellite family, a non
standard approach has been used for the S band
TT&C transceiver, which has been very successful
(40 FM models launched with 0 default observed in
orbit, even on missions longer than 5 years life time).
Consequently, the same quality approach is currently
considered for the micro X band transmitter with:
•

Maximum reuse of COTS circuits already used
or qualified on other space equipment

•

Specific tests for circuits while their technology
or functions are identified to be critical.

•

Equipment qualification at board level with
aggraved tests.

X BAND TRANSMITTER

The data losses can simply be avoided by the
transmission of IDLE sequences during the transition
times. With a demodulator configured to reject the
IDLE, then only meaningful data will be received.

Transmitter preliminary specifications

Last but not least, a VBR mode does not require a
specific station demodulator but only few
telecommands synchronized with the onboard
commutations to change bit rates during a pass.

Table 3: Transmitter preliminary specifications

The data volume could again be improved at the price
of a more complex strategy with a higher number of
bit rates commutations and taking into account
predicted Eb/No values.

TOS

> 15 dB Return loss

Modulation

OQPSK

Filtering

BT 0.5 – 6th order Butterworth

Transmitter technology
Miniaturized and high performances transmission
equipments are generally realized with dedicated
MMIC or ASIC. If this approach were applied to the
X band transmitter, its use would be restricted to only
particular missions because its costs would not fit
with most of CubeSat mission budgets.
Today, many high performances COTS circuits are
available on the market, which allow the realization
of all X band transmitter functions. The
miniaturization can nevertheless be obtained with this
technology thanks to smart architecture, modulation
and coding choices.
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The specifications presented above (table 3) have
been established from the system study and from the
PROBA-V transmitter development.

Frequency

8025 to 8400 MHz by 1 MHz step

RF output power

30 to 33 dBm, programmable in flight

Data rate

2.8 to 50 Mbps, programmable in flight

Coding

Convolutionnal 7 ½

HKTM

RS422

Data/CLK

LVDS ; Synchronous

Supply voltage

8 to 20 V with no galvanic isolation

Consommation

< 10W

Volume

< 0.4 l

Mass

< 0,4 kg

Life time

2 ans

Total radiated dose

5 krad

Operating temperature

-40°C / +50°C
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Transmitter overview
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The transmitter architecture is presented in figure 3.
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Figure 4: Base band OQPSK section
The maximum bit rate is limited to 50 Mbps to
respect the CCSDS masks without the use of a
channel bandwidth at the output of the power
amplifier.
Figure 3: X Band Transmitter block diagram
Input digital data (LVDS) are encoded with a
convolutive coder, filtered with programmable filters
(VBR mode) and modulated in OQPSK according to
ECSS-E-ST-50-05C.

Low power RF section
Low power RF section (figure 5) includes all RF
functions except the power amplifier: X band
synthesizer, IQ modulator, high speed Operational
Amplifiers (OPA).

An homodyne synthesizer architecture have been
chosen to cover the complete 8025-8400 MHz
frequency range with reduced number of components.
Thanks to an optimized GaAs power amplifier, a
maximum RF output power of 33 dBm is obtained
with an overall DC consumption below 10 W.
A familiar RS422 housekeeping link is used in
combination with the embedded microcontroller to
setup and to monitor the transmitter.
The electrical architecture is constituted by a primary
DC/DC converter to work on a non regulated 8V to
20V bus and local DC/DC converters and regulators
to optimize the supply of all transmitter sections.
Main function description
Base band section
This section mainly includes a 2 channels LVDS
receiver for data and clock signals, a programmable
logic device to process the signal and a
programmable filter on each I&Q path.
A specific coder and mapping architecture has been
chosen to facilitate the interface between TX and the
mass memory, without any FIFO to absorb the usual
data rate offset (figure 4). But this solution requires a
50% clock duty cycle, else additional losses can
occur (typically 0.2 dB with 44.5% to 55.5%
dispersion).
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Figure 5: Low power RF subsystem block diagram
X band synthesizer is critical because it shall present
low consumption, low phase noise and low size. For
this reason, a fractional PLL associated with a MMIC
VCO, a prescaler and a 20 MHz TCXO have been
selected. TCXO has been preferred to OCXO
because of its lower size and consumption.
Coupling capacitors are used to block the common
mode voltage from the base band part.
Operational amplifiers convert the differential I & Q
signals into single ended mode and allow to inject DC
offset in the I,Q modulator to cancel the LO leakage
at the output of the transmitter.
The thermal stabilisation is mainly performed with
thermistor and thermopad (temperature variable
attenuator) to avoid control loop and to keep a simple
design.
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Power amplifier section

PAE vs Pout

Specific design efforts have been done to optimize at
the same time the efficiency and the size the RF
power amplifier. A Power Added Efficiency (PAE)
up to 37% has been reached on the 2 stages final
amplifier using specific biasing schemes and
matching. To avoid the use of an isolator, a particular
matching of the PA has been defined to get good
return loss and high PAE at the same time.
The selected power amplified is a GaAs MMIC
housed in a small plastic package of 6 x 6 mm².
Associated to a GaAs driver, the 2 stages present
more than 30 dB gain (figure 6) at 1 dB compression
with 33 dBm output (figure 7) and 33% PAE (figure
8) under 5.5 V. The drain voltage can also be adjusted
to obtain RF output power flexibility.
The results presented on figure 5 have been achieved
on the first prototype and should be improved after a
new test campaign.

50%
45%
40%

5V

35%

5,5V

30%

6V

25%
20%
15%
10%
5%

(% )

The power amplifier is definitely the key feature as it
represents the biggest power consumer of the
transmitter.

0%

20,00

25,00

30,00

(dBm) 35,00

Figure 8: PAE vs Pout
Many parameters such as cavity resonance, RF
leakage, self oscillations, thermal control, have been
taken into account for the electrical and mechanical
designs of the power amplifier.
Figure 9 presents the power amplifier assembled on a
4 layers RO4003 substrate.

Pout vs Pin
34
5V
5,5V
6V

32
(dBm)

30
28

Figure 9: PA prototype (size ~ 45 x 20 mm²)

26
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-10

-5
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(dBm) 5

Consumption analysis
Consumption estimation per section is given in the
following table.

Figure 6: Pout vs Pin

Base band

(dB)

Gain vs Pin
40
39
38
37
36
35
34
33
32
31
30

Consumption 1,1W

Low power RF PA @2W

Total

1W

8,7W

6,6W

Table 4: Consumption estimation without DC/DC
converter

5V
5,5V
6V

It can be noticed that power amplifier represents more
than 75% of the overall power consumption.

-15

-10

-5

0

(dBm)

5

With 90 % DC/DC converters efficiency, the total
power consumption reaches 9,7 W which remains
under the target of 10 W.

Figure 7: Gain vs Pin
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ANTENNA
Integration and mechanical presentation
The transmitter mechanical structure is constituted by
two stacked parts (figure 10).

Antenna is always a critical element on a satellite but
on a CubeSat, the design of an efficient antenna
quickly becomes very ambitious and tricky because
the environment is extremely restricted.
Due to their light weight, conformability and low
cost, patch antennae have been selected because they
appear very well adapted to CubeSats needs and
constraints. Moreover their feeding networks can
easily be integrated with a printed strip-line and/or
active devices.

Characteristics and design

Figure 10: 3D mechanical previews of the X Band
Transmitter
The bottom part (figure 11) includes base band and
RF sections, power amplifier and microcontroller.
The thermal power is drained to the platform with an
aluminium plate. All RF functions are shielded into
dedicated cavities.

Antenna specifications have been established taking
into account telecoms needs, CubeSat structure
constraints and patch achievable performances.
Antenna specifications :
• Low cost
• As simple as possible
• Geometry as compact as possible
• Frequency: [8.025 – 8.450GHz]
• Bandwidth = 50MHz over a Bw max
=300MHz
• Gain> 0dBic with a ER< 3dB over a +/- 60°
angle
• VSWR < 1.2 over a 300MHz bandwidth
(3.6%) – Return Loss < -21 dB
• Maximal geometrical allocation : 7cm x 7cm
• Mono circular polarization
Regarding the shape of patch, several geometries
(figure 12) as well as feeding circuits have been
considered.

Figure 11: 3D bottom part
The top part contains power supplies functions (with
DC/DC converters) and protections circuits (watch
dog).
Both parts are interconnected with a polyimide
flexible harness.
A 9 pins micro sub-D connector is used for the power
supply and a 15 pins connector is used for the data
and clock input signals and for the housekeeping
telemetry. A SMA or a SMP connector will be used
for the RF output.
The overall dimensions are 100 x 80 mm² without
connectors and fastener points. The complete
footprint is 100 x 100 mm².
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Examples of mono excitation patches (circular polarization)

Example of dual excitations patches (circular polarisation)

Figure 12: Patch geometries evaluated
A circular geometry has been selected to obtain a
pattern with a rotational symmetry but the specified
Ellipticy Ratio (ER) values could not be achieved.
An important work has been performed trying to open
the antenna pattern independently from its immediate
environment with addition of Magnetic Artificial
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Conductors, traps, etc... This way was abandoned
because it led to increase technical complexity, and
therefore to rise antenna cost.
To better control the field distribution on the antenna,
a fourth-excitation (0, 90 °, 180 °, 270 °) has been
selected (figure 13).

Figure 15: Board cut (patch + feeding network)
Substrate permittivity:
• Prepreg: 3.54, tgδ=0.004
• RO4003:3.38, tgδ =0.0027

Simulations results
Figure 13: Patch final geometry

For the same sake of simplicity and efficiency, all
feeding solutions with resistive loads (Wilkinson,
hybrid coupler, etc...) were eliminated. A simple
micro strip splitter was selected (figure 14), which
allows (with good matching) high energy transfer to
the radiating element.

Several simulation campaigns have been performed
to optimize antenna performances and to achieve
specifications. Final results are presented (figures 1620)

Figure 16: Farfield pattern @ 8000 MHz
Figure 14: Patch feeding network (4 access)

The final board is a minimalist architecture (in the
term of design and technology) with a 3 layers
Rogers 4003 substrate (spatial material). The board
cut is shown figure 15.

Figure 17: Farfield pattern @ 8250 MHz
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Figure 18: Farfield pattern @ 8450 MHz

Figure 21: Antenna with its bracket
The antenna height is not representative because the
patch has been mounted on an existing bracket for the
test.

Figure 19: Axial Ratio Calculation at Phi =0°
for Fo= 8000MHz, 8250 MHz, 8450 MHz

Figure 22: Antenna in test configuration

Main results are presented figures (23-25)

Figure 20: Return Loss

Antenna measurements

Antenna realisation has been trusted to a conventional
printed circuit manufacturer and measurements have
been performed at CNES antenna compact test range.
Figure 23: Gain @ Fo= 8.25 GHz
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Several mission studies are currently in progress in
Europe that could lead soon to the development of a
high data link payload telemetry subsystem.
The possibility to use a payload telemetry subsystem
in X band could definitely open new landscapes to
CubeSat missions in the future.
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